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ABSTRACT 

The macro- and microstructure of the wake flow is presented 

covering the present state of the art of wake research. The 

decelerator -in-the -wake phenomenon is explained, and at- 

tempts to predict the influences of a wake on decelerator per- 

formance and design are described. It is shown that since no 

rigorous analytical treatment is available for this flow regime, 

the solutions are either approximate or similar. A summary 

of the experimental data concerning the influence of wakes up- 

on aerodynamic decelerators and the drag efficiency and sta- 

bility of a particular decelerator behind a particular payload 

are given. 
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SECTION I - INTRODUCTION 

I 
The wake is a flow regime that is complicated by the nature of its formation and 

the processes that are triggered in it after formation. Since physical aspects 

of the flow behind bodies have no rigorous analytical treatment, the solutions 

are either approximate or similar. 

The decelerator, being placed in this flow regime, becomes subject to this 

environment, and at the same time its physical presence influences this flow 

field. The decelerators defined for this study are deployable aerodynamic- 

drag producing devices located mostly behind the bodies being decelerated 

and/or stabilized. It is obvious that the qualitative and quantitative properties 

of this regime will completely define the design and performance of a decelera- 

tor if it is completely immersed in the flow downstream of a payload. For the 

case of a partial immersion, the determination of boundary conditions will be 

important. 

This report presents the state of the art of wake investigation, the decelerator- 

in-the -wake phenomena, and attempts to predict the influences of a wake on de- 

celerator performance and design. 
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SECTION II - WAKE STRUCTURE 

1. FLOW CLASSIFICATION 
I/ 

In a very general sense, the wake is defined as the region of the flow 

downstream of the aft end of a body. This flow region is subject to a 

classification established in the fluid mechanics. Hence, the following 

flow definitions are applied: 

1. The flow regime is usually defined in two dimen- 

sions, although the three-dimensional representa- 

tion is desirable especially if a body is axi- or 

asymmetrical or changes the attitude. 

2. It is time independent (steady state), which is a 

simplifying approximation; the unsteady definition, 

i. e., the time dependent being more appropriate. 

3. The flow in the outer wake is ideal, i. e., nonvis- 

COUS) incompressible, or compressible. Since it 

is inviscid, the vortexes are not generated and 

hence it is irrotational flow. The flow in the inner 

wake has real fluid properties (of concern here are 

density, viscosity, and compressibility) - thus, the 

possibility of vortex formation and of flow being ro- 

tational. 

4. The nature of velocity distribution profiles in the 

region is either laminar, turbulent, or a combina- 

tion of the two when the flow is transitional. 

The flow region in the axial direction, downstream of the payload, is usu- 

ally divided into the following subregions: 



1. Base flow 

2. Near wake 

3. Far wake 

In the radial direction the division is: 

1. Outer wake 

2. Inner wake 

The complete flow field nomenclature is outlined in Figure 1. It is im- 

portant to note that all wake studies are made for the axisymmetric type 

of the flow. The asymmetric flows, observed to behave in nonsimilar 

ways, are significant for decelerators deployed behind the payloads that 

’ are not symmetrical about the three axes. 

2. FLOW NEAR BODY 

The subregion of the flow nearest the base of a body is not classified as a 

wake; however, its formation and qualities have very significant impact 

upon the wake proper. The evaluation of the aerodynamic properties of 

the body (boundary layer and base region) is very important, since this 

predetermines the wake formation. 

The starting point for this subregion is the base of the body where the 

boundary layer separates into the downstream direction. It extends to 

the neck of the wake and is defined as the base flow subregion. 

Complexity of the flow processes has limited the attempted analysis mostly 

to the laminar cases (Chapman; 1, a Baum, King, Denison;2 Denison, Baum;3 
4 

and Kennedy ) up until now. Based upon these sources, the base flow model 

is shown in Figure 2. According to the model, the flow outside the base 

(inviscid, high velocity, irrotational) is separated from the inner base flow 

(viscous, low velocity, rotational) by the shear layer, the structure of 

aSuperior numbers in the text refer to items in the List of References. 
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which depends upon the body boundary layer. A streamline, originating 

at the separation point, divides (see streamline QR in Figure 2) the inner 

flow from the flow formed upstream. Its shape depends on the interac- 

tion with inner flow and it terminates at the rear stagnation point R under 

the condition of balance of shear and pressure forces. A stagnating 

streamline is defined as one separating the flow continuing to move down- 

stream from that recirculating (reverse flow). Point 0 is a base stag- 

nation point, hence along the OR there is a point P where shear-pressure 

balance occurs again, , au/ax = 0. The product of u au/ax in the 

recirculation region is plotted below the flow model. The pressure forces 

start to show up in the vicinity of P, are predominant in PR, and finally 

stagnate at R. The viscous forces predominate in OP and again down- 

stream of R, since flow is nearly parallel to the axis and strong pressure 

gradients are absent. Generally, the flow in this region is governed by 

the equations of continuity, momentum, and energy. The solutions are 

simplified by the assumptions placed on the boundary conditions SO that 

the particular solutions can be obtained mostly in two dimensions. The 

mathematical tools of integral and finite difference methods along with 

transformation techniques are employed. Chapman’ carried out the solu- 

tion with zero initial boundary-layer thickness. The solution applies 

strictly to the part where recirculating mass is entrained by the shear 

stresses. The method for predicting base pressure appears to give 

reasonable results within its applicability. 

The solution of the base flow subregion is associated with behavior of the 

free shear layer. In Reference 3, Blasius velocity profile was converted 

to a Chapman distribution within a range of parameter S”, which depends 

on body shape and Mach number, and is independent of Reynolds number. 

This in turn indicates that near the wake neck, the base pressure, wake 

angle, and velocity on the dividing streamline are independent of Reynolds 

number, but the free shear layer thickness may exhibit Reynolds number 

independence in laminar base flow. Further investigation (Baurn, King, 
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Denisonf) indicates that the structure of laminar base flow depends on the 

shape of initial separated shear layer. Kubota and Dewey’ attempting the 

development of a constant-pressure, laminar, free-mixing layer with a 

finite initial thickness, a,rrived at the following conclusions: 

1. Turning angle at the wake neck is determined by the 

pressure difference between the static pressure 

downstream of the neck and static pressure along 

the outer edge of the shear layer, which is the pres- 

sure rise required to stagnate the zero streamline 

by an isentropic compression. 

2. Shear layer velocity and mass-flow profiles are 

subject to similar flow relationships in boundary 

layers D Velocity profile in the physical plane (as 

opposed to the hodograph plane) becomes more linear 

as the Mach number along the outer edge increases. 

3. The total thickness of the layer increases as the 

Mach number at the edge increases and it pene- 

trates more below the zero streamline. 

The treatment of the two-dimensional supersonic turbulent flow in the 

base region (Roberts) is based upon the flow model, which splits the flow 

into a number of parts analyzed separately. They include the effect of 

corner expansion, velocity distribution in shear layer, rate of spread of 

shear layer, and finally, integration of parts to show how the shear layer 

compresses and forms a new boundary layer for a case of rear-facing 

step. 

The mixing theory of Crocco and Lees6 attempted, with some success, 

to explain some important aspects of the separated and reattached flows. 

Briefly reviewed, these aspects are as follows: 

1. In a basic differential equation, there is a “critical 



point” or a singularity, which in a throat-like man- 

ner, determines the base pressure. 

2. The mixing rate of a turbulent flow is 5 to 10 times 

greater than a laminar one, hence the difference in 

interactions. 

3. The ability of flows to support large pressure in- 

creases at high velocities, roughly proportional to 

the square root of mixing rate and quantity (M2 l/4 -1) f 

where M is the average Mach number. This indi- 

cates for example, I.esser base pressure ratios as 

Mach number increases. Also, the pressure gradi- 

ent in separating flow (base) is maximum at separa- 

tion, decreasing steeply downstream. In reattach- 

ment flow (wake neck) the pressure gradient is small 

upstream of “reattachment” and attains the maximum 

at this “point. I’ 

4. The flow downstream of a blunt trailing edge of a 

supersonic two-dimensional body (airfoil) can at- 

tain four different regimes: 

a. When Reynolds number is low, then not only the 
boundary layer but the major part of the wake 
neck region is laminar and the laminar mixing 
rate is decreasing while base pressure ratio 
(Pb /P) is increasing slowly with the Reynolds 
number based on length. 

b. The upstream motion of transition in the wake 
initiated when base pressure attains local maxi- 
mum, and with Reynolds number increased it 
drops sharply because of a gain in mixing rate. 
The important phenomenon is the existence of 
a range of Reynolds numbers at which, although 
the transition is close to the base, the boundary 
layer on the body stays laminar. The necessary 
condition, however , is that the ratio of length 
to aft-end thickness be low (short, blunt bodies) 
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or the boundary layer transition Reynolds num- 
ber be high and the reversibility of above is ex- 
eluded. Under the conditions listed, the base 
pressure ratio is decreasing with decreasing 
boundary layer thickness while Ret is increas- 
ing. 

C. Further motion of the transition upstream, i. e., 
into the boundary layer along the two-dimen- 
sional body, causes a base pressure rise due to 
increase in boundary layer thickness, which 
eventually is balanced by the decrease of local 
boundary layer thickness due to an increase in 
Reynolds number. Hence base pressure upon 
reaching a peak decreases with increasing Rey- 
nolds number. 

d. At high Reynolds numbers, when transition is 
far downstream from the base, the base pres- 
sure decreases slowly due to lower turbulent 
boundary layer thickness as the Reynolds num- 
ber increases. 

The theory of Crocco-Lees did not provide quanti- 

tative agreement with experimental results in the 

flow prior to separation. Later inve s tigation ( Glick) 7 

showed that a new mixing-rate correlation function 

C(k) satisfies the calculations for the two-dimen- 

sional laminar supersonic flow up to separation. In 

addition to confirming the principle of the “dividing” 

streamline, it proposes the physical model accord- 

ing to which the transport of the viscous momentum 

is dominating in the domain bounded between the 

separation and initiation of reattachment. The proc- 

ess of reattachment, however, has an inviscid na- 

ture. The pressure rise during the reattachment 

is isentropic, which leads to inviscid recompres- 

sion with no significance of the mass entrainment 

shown. The problem of obtaining the engineering 

solution for the conditions near a body still remains 

10 



to be semiempirical in nature (McCarthy8 or Brown, 

Kramer, Smith9). 

3. CONDITIONS AT THE NECK 

The conditions at the neck can be specified in terms of a separation angle 

and a fictitious Mach number, which would occur if the separation at a 

given separation angle did not materialize. The shear layer is defined 

as a line along which the flow would move before the turn and initiation 

of the trailing shock. Then if the trailing shock angle is known (from 

pitot-pressure readings), the turning angle, angle of shear layer, angle 

of wake growth, pressure ratios, and distance from the base to turn can 

be estimated by application of the two-dimensional compressible flow 

methods. As a rule, the pitot and static pressures have high values while 

at the wake’s neck, however, the Mach number is relatively constant at 

the edge. There is considerable difficulty in locating the exact axial sta- 

tion for the neck because of instrument limitations. Neither does the 

visual technique (schlieren) give the full quantitative picture. 

Additional distortions are introduced when the decelerator with its con- 

necting system is placed at or in the vicinity of the neck. The base flow 

subregion will be distorted. The decelerator placed at random in the 

neck region will be subjected to the unsteady oscillatory regime. 

For analytical purposes the neck width and its momentum thickness are 

r equir ed for initial conditions. Based on skin friction and pressure rise 

at the neck, they are estimated to vary as the Reynolds number parame- 

ter based on diameter (Red) -l/2 (L ees and Hromas”). 

Hence if skin friction coefficient varies as 

11 



and 

then 

neck 

and 

neck 

Experimentally the width is determined from the magnitudes of the pitot 

pressures. It is difficult however to pinpoint the exact axial station. 

The momentum thickness, being defined as, 

(1) 

can be calculated from the experimental data or from the boundary layer 

type equations. 
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SECTION III - WAKE FLOW 

1. NEAR WAKE 

In development of the near wake model, the two most important concepts 

are: (1) q re uirement by the conservation of mass that all fluid within the 

base flow (i. e., original plus that entrained by the shear layer) must be 

accounted for at the neck; and (2) the shear layer mixing rate determines 

the pressure rise required to satisfy condition (1) almost exclusively. 

The model (Dewey 11) f or the near wake is defined along the principles of 

mass and momentum conservation observed on the dividing streamline. 

The formation of viscous mixing layer is due to the boundary layer sepa- 

ration in the immediate vicinity of the body’s aft end by pressure and vis- 

cous forces. As it moves along, it entrains some additional mass from 

the inviscid flow on its outer edge and another increment from the lower 

edge, i. e., the base flow. The potential growth of the layer increases 

the Mach number and velocity along the dividing streamline ( $ = 0) due 

to momentum transfer. In two-dimensional flow its path is approximated 

by the straight line changing to the convex in axisymmetric flow. For the 

case where separation point is steady, the angle between the shear layer 

and the axis is specified. Thus, the Mach number, velocity, and pres- 

sure on the outer edge (inviscid) are also known. 

‘The pressure rise required to stagnate the dividing streamline is a func- 

tion of the inviscid flow deflection, or 

(pl 
- Pe) =: 0 

S 

It is also shown by Dewey 
11 that the ratio of the Mach number along the 

dividing streamline (M*) over the Mach number at outer edge at the neck 

is a function of the parameter 

13 



(2) 

where 

L = distance along shea.r layer, and 

0 = initial momentum thickness . 
0 

The MXc magnitude is decreasing as L grows with<(i). Then for each M’k 

required by mass conservation, there is equivalent M* given by mixing, 

both referred to the particular value of 5. 

The other important characteristics of the shear layer are: 

1. 

2. 

3. 

As the Reynolds number (Ree 1 = p u L/‘b e) is in- 
e e 

creasing, the shear layer thickness is decreasing. 

The same holds for the readjustment regions at 

separation and neck. 

It represents a surface with essentially constant 

pressure. 

Sharp corner separation results in fuller initial ve- 

locity profile and larger mixing rate than a separa- 

tion from a convex surface. 

Comparison of the supersonic near wake behind the two-dimensional and 

axisymmetric bodies indicates three features: 

1. Dominant role of viscosity at the neck for wake 

shock admittance in axisymmetric flow but not in 

two -dimensional flow. 

2. Constant pressure surface converging toward the 

wake axis is convex for axisymmetric flow but 

straight for two-dimensional flow. 
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3. Thickness of the free shear layer in axisymmetric 

flow is larger than that in two-dimensional flow. 

The initial wake velocity profile half-thickness is approximately 

to that at separation by: 

related 

where 

6, 
= initial wake thickness, 

6, 
= at separation, and 

d = body diameter. 

In conclusion, for the solution of the near-wake problem, the initial and 

edge conditions that are obtained in a combined analytical-empirical ef- 

fort must be known. 

2. LAMINAR WAKE 

The solution of the laminar wake is based on the assumption that viscous 

boundary layer equations for continuity, momentum, and energy apply: 

au Etpv-= d ue 
p" ax 

a au 
ay PeUe dx+F Pay ( 1 

ap= 0 
ay 

(4) 

(5) 

(6) 

The two-dimensional case, where 

H = h+;u2 (total enthalpy) 

15 



and 
c P 

o.=p 
k 

(Prandtl number) , 

has the following boundary conditions: 

u(x, f 00) = u,(x) ; 

au 
dX’ O) = O 

and 

H(x, f co) = He ; 

E(x, 0) = 0 . 

Pallone, Erdos, and Eckerman 12 
obtained the following expressions for 

the velocity and enthalpy profiles: 

U 
-= lte 
U 

-7% n a~ 

e c nn 
n=O 

and 

r7 nt 1 

e= lte -n-s-l 
c 

bnrln . 

n=O 

where the TJ is a transformed independent variable, 

and the wake thickness is 

(7) 

(8) 

(9) 
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where 

f 0 two -dimensional flow 

1 axisymmetric flow, 

r = normal coordinate from axis 
or plane of symmetry. 

Typical pitot pressure traces in laminar wake and velocity defect along 

the centerline are shown in Figures 3 and 4. The comparison of the sim- 

plified laminar-wake theory with experimental results for the normalized 

distributions of velocity, static enthalpy, and total enthalpy from McCarthy’ 

are given in Figure 5. 

3. WAKE TRANSITION 

Transition in the wake from the laminar velocity profile to a turbulent one 

generally depends on a Reynolds number and Mach number, which are 

based on the relative velocity of the wake. Essentially, the problem is to 

define the stability of the flow since knowing the stability boundaries the 

transition point can be predicted. Thus, according to Gold 
13 

the follow - 

ing affect the stability of the wake. 

1. The two-dimensional inviscid wake can be stable or 

unstable as a function of temperature. Then as the 

critical Mach number increases, the temperature 

increases and so does the possibility of subsonic 

disturbances. Hence, if the Mach number is below 

critical, stability is indicated. 

2. A hot wake shows better stability than a cool one, 

provided the relative Mach number stays below 

critical. 

3. The axisymmetric inviscid compressible wake sta- 

bility is dependent upon the Reynolds shear stress 

17 
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I - 

near the critical point, the presence of which is 

destabilizing. The direction of the density-vor- 

ticity gradient is also important. 

-4. The stability of the incompressible axisymmetric 

wake flow depends on the so-called wave number 

derived from the Batchelor and Gill analysis. 

Again Van Driest and Blumer 
14 

consider the boundary layer transition on 

the basis of the limiting value of the ratio of local inertial stress to local 

viscous stress somewhere in the flow after presence of which transition 

takes place. The compressibility effects indicate a decrease in transi- 

tion Reynolds number with increasing Mach number. If heat transfer is 

taken into consideration at M = constant, the transition Re will increase 

with decreasing wall temperature. 

Thus, although several approaches have been taken, at present there is 

no sound theory that will explain the transition phenomena. The expe ri - 

mental measurements usually provide answers to a particular problem, 

but the attempts to correlate them to obtain parameters that could in a 

general way predict the phenomena are far from being satisfactory as 

exemplified by References 15 and 16. 

In general, transition characteristics behind the blunt and slender bodies 

will be different. The blunt bodies have strong flow gradients due to bow 

shocks, which are absent for the case of slender bodies. 

The lower boundary for the transition Reynolds number as estimated by 

Lees17 

(Rem, d):, z 3 X lo4 for slender bodies 

and 

(Rem, d)zn =: 5 X lo4 for blunt bodies . 

21 

..-_. ..-..- .._- --_ . _ -.,._,._..._._ . __ . . . I I mm.. I I I 1,111 11, 



Below those values the flow is laminar. Demetriades defined the transi- 

tion Reynolds number by the following expression 

Re = 
(XTr - xo) %3”co 

co, Tr U 
, 

00 

(11) 

where 

X Tr 
= transition distance, 

xO 
= sticking distance. 

The sticking distance is measured from thle8base and indicates the sta- 

bility of the flow under certain conditions. 

Various attempts to represent the correlating parameters for slender and 

blunt bodies are shown in Figures 6 through 8, indicating current trends. 

Figure 6 - Variation of Transition Distance with Reynolds Number in Wakes1 ’ 
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The transition distances behind the blunt bodies in general are independent 

of shape. The slender bodies show a definite shape effect. The process 

of transition occurs somewhat abruptly behind blunt bodies, while behind 

the slender bodies it extends over several diameters. In all cases (Wil- 

son19) the independence of transition distance from body size and flight 

speed is indicated. The correlation breaks down at high Reynolds num- 

bers where turbulence originates in the recompression region. 

The important differences between the inviscid and viscous wake are due 

to the fundamental differences of the flow fields behind the blunt and slen- 

der bodies. For the slender bodies the field is boundary-layer dominated 

and for the blunt one it is shock-wave dominated. The transition distances 

for hypersonic axisymmetric bodies can be correlated by the shape pa- 

rameter such as 

P 

( 12) 

where 

cDf 
= boundary layer drag coefficient based on free 

stream conditions and base area, 

cD = pressure drag coefficient based on the same con- 
P ditions. 

Based on this shape parameter, the bodies are classified as blunt or 

slender and transition distances are shown in Figure 9. 

4. TURBULENT WAKE 

The preservation of uniform steady laminar wake is desirable for analyti- 

cal and applicational reasons, however, its stability due to geometry, 

flow parameters, and physicochemical reactions cannot be retained. Con- 

sequently, the turbulent state is reached at some axial station. This 

axial station varies from the point where the flow separates from the body 
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(subsonic and low supersonic Mach numbers) to the position where the 

neck is located (high supersonic and hypersonic Mach numbers). The 

general physical meaning is thought to be a penetration of the inviscid 

flow profile by the turbulent momentum thickness of an initial width. 

Theoretical attempts to describe turbulent wakes are usually extensions 

of the laminar results, which are coupled by the introduction of an eddy 

transport coefficient. This seems to predict the growth but avoids the 

problem of turbulent mixing, which is very important. 

The condition for existence of turbulence is a sufficiently large Reynolds 

number and initial formation of the free shear layer as a result of the 

boundary layer separation. Then the wake grows, entraining the origi- 

nally invis cid outer wake. The presently accepted physical model (Prou- 

dian, Feldman 
20 

) can be described as follows: the initial momentum of 

finite width, which is separated from the nonturbulent flow by a distinct 

front, consists of eddies of different sizes. The relatively large eddies 

possess the most of kinetic energy of turbulence, while the smaller ones 

are mostly dissipating viscous kinetic energy into heat. The contour of 

the core is outlined by the largest eddies, which do not contain much ener- 

gy (subsonic wakes). The lifetime of an eddy decreases sharply with its 

size. The eddies containing energies also have short lives. 

The eddies with highest velocity gradients (smallest in size) start the 

process of diffusion by propagating the vorticity, which is reinforced by 

the energy transfer from the energy carrying eddies. The process of mix- 

ing between the outer wake and the inner turbulent wake is a convection of 

relatively large fluid particles by the large-scale eddies introduced into 

the already turbulent core. The shearing of the small-scale eddies re- 

duces the introduced inhomogeneities until the process of diffusion on a 

molecular scale takes over and complete dissipation is the final result. 

In general, analytical treatment of the turbulent wake produced so far is 

for simple models, but even those are difficult to verify experimentally. 
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Two representative parameters, i. e., static -enthalpy and wake’s width 

are shown in Figure 10. 

The investigation of Lees and Hromas21 produced some practical con- 

elusions, which are summarized here. One assumption is that although 

at x/d of up to 50 the pressure has the dominant role in wake development, 

the enthalpy buildup and dissipation become important. The reduction of 

ent’halpy (at Ma > 1) is proportional to 

r ZPCP 
n k’ 

where 

r = nose radius. 
n 

The time involved is equal to 

t=+, 

co 

3.4 

3.0 

2.6 6 

Figure 10 - Theoretical Turbulent Wake Growth 
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x = distance aft of a body, 

U 
a3 

= free stream axial velocity, 

or 

X 
-zu r am 

G = RePr , 
n 

where 

Re = Reynolds number, 

Pr = Prandtl number. 

Hence, the wake at high altitudes stays laminar over long distances. 

The process of cooling, however, is faster if the wake is turbulent. 

Naturally, the tendency to develop turbulence is associated with the re- 

gion of highest velocity gradients, which is located in the inner wake. 

The experiments of Demetriades 18 indicate that transition for two-di- 

mensional and axisymmetric flows (wedges and cones) occurs at Rey- 

nolds number corresponding to the altitudes of the order of 150, 000 ft. 

The expansion of physical boundaries of the wake is due to a decrease 

in static pressure and flow expansion. The initial development of the 

inner wake is a function of the momentum thickness, which is about 10 

times smaller than the body diameter. The velocity gradient across 

the inner wake decays from its maximum at the neck to a value of about 

150 8 (0 = momentum thickness) at approximately 10 2 x/d 2 20. At 

this location the momentum defect of the outer (inviscid) wake is swal- 

lowed by the inner wake at the rates that cannot be ignored. Initially, 

eddy diffusivity E T depends on the local drag at the neck. The rate of 

growth deT/dx depends on the rate d0/d.x, Gvhich in turn depends on the 

(8 h/8yJy = y and dye/dx. In addition the dye/dx also depends on l T. 
e 
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The (ah/8y)y = y is small at ye/d -z< 1; hence, l T and ye (inner wake 
e 

thickness) increase slowly until the region of inviscid outer wake is 

reached where ah/ay is significant. Then rapid growth in l T and ye is 

expected, which eventually slows down. 

Since the flow in outer wake is not affected by the inner wake in the re- 

gion of x/d -C 2 - 10, the enthalpy is specified by the inviscid flow rela- 

tions. In addition, the drag contributed by the static pressure is not 

large (static pressure is about five times ambient) at high altitudes com- 

pared to the momentum defect. At x/d = 20 or less, the static pressure 

is ambient and the flow is frozen or in thermodynamic equilibrium. 

In the inner wake it is assumed that turbulence intensity at each x/d is 

proportional to the local velocity gradient, and its spread in the y direc- 

tion is proportional to the wake width at each x/d. 

At x/d ’ 5 to 10, the total enthalpy is essentially constant across the 

inner wake, being equal to the total enthalpy of the inviscid flow. 

5. WAKE GROWTH 

The wake growth is essentially a turbulent process, since the growth it- 

self is a dynamic process that is associated with formation of disturbances. 

Three important factors determine the growth of the wake: (1) shape vari- 

ation (blunt versus sharp), (2) effect of shape when bodies have the same 

drag coefficient, and (3) effect of altitude (Reynolds number). 

The conclusions reached by Hromas and Lees indicate the following effects 

at high velocity: 

1. The shape effect on initial core drag is small, since 

both the sphere and cone of the same base have 

nearly equal core drag. On the other hand, the 

size or pressure expressed by the Reynolds number 

of the body is significant. 
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2. Although the wake shock can change the shape of 

the outer (inviscid) profile rather drastically, 

(especially at a low Mach number) the inner wake 

is not affected to any degree, since inviscid en- 

thalpy is low. 

3. The rates of turbulent growth behind the cones 

are lower than for the blunt bodies for up to 

x/d 2 10 4 . 

4. Wake enthalpies behind the cones decrease faster 

by an order of magnitude than behind the spheres. 

5. Two bodies of different shape having the same drag 

coefficient will exhibit different wake histories un- 

til the asymptotic conditions are reached somewhere 

downstream. 

6. If the core drag (momentum defect of inner wake) 

or altitude are increased, the difference in a wake 

due to the body shape tends to disappear. 

The study of Lykoudis 22 . indicates the following trends in wake growth: 

1. Blunt or slender bodies show higher rates of growth 

for the turbulent core (present in any wake) as the 

Mach uumber and enthalpy are increasing in the 

neck up to x/d = lo2 d region. From there on, the 

growth is as [ CD~(x)] 1’3. 

2. Growth is irregular if geometry is so that overex- 

pansions and recompressions are formed. 

3. The blunt or slender bodies at the same altitude and 

Mach number indicate the same order of magnitude 

for the enthalpy, which decays faster for a cone 

than a blunted body, although the CD may be 

equivalent. 
tot 
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Slattery and Clayz3 pointed out that, to the first order, the history of 

velocity profile can be expressed by the momentum terms. 

Hence, by the conservation of momentum, at some x/d = n downstream: 

Aw u 
n 

n2pn ’ iCDBABpn _ lvB2 = Aw VB2pn _ 1 ’ 
n 

where 

A 
W 

= wake area at n station, 
n 

U n = local wake velocity, 

pn = average density at n, 

cDB 
= body drag coefficient, 

AB = body area 

p 1 n- 
= density upstream of n, 

vB 
= body velocity, 

and conservation of mass is 

ABPn - 1 V = ABpnVw, (14) 

where wake velocity VW = VB - u. 

Then the ratio VW/V is 

V 
AB 

-+= :‘DBc’ 

(13) 

(15) 

2 
and since Aw = 71rw , the wake growth in the axial direction is inversely 

proportional to the square of its radial growth as indicated in Figure 11. 

However, two bodies of different shape, but with the same drag coeffi- 

cient at the same time, position, and velocity may not exhibit the same 
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wake shape as shown in Figure 12 (spherical cone versus 45-deg cone), 

and this means that they do not have the same wake velocity at a given 

x/d. 

In this particular case, the wake behind the 45-deg cone is narrower (or 

has less mass); hence the local velocity is greater. The behavior also 

may be described by the conditions of thermodynamic equilibrium, which 

depends on the enthalpy in the axial direction in the inner wake and the 

radial enthalpy gradient in the outer (inviscid) wake (Lees 17) . 
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SECTION IV - PREDICTION OF THE WAKE QUALITIES 

1. GENERAL 

The analysis of wakes consists of the theoretical prediction, observations, 

measurements, and correlation of empirical data. Like in any branch of 

science for a postulate or hypothesis to become a theory, the experimental 

evidence must confirm the theoretical relationships. 

Prediction of aerodynamic wakes is as yet inadequate, since the proposed 

theoretical models are not fully confirmed by the observations and meas- 

urements. The available wind tunnel and ballistic range data provide 

limited confirmations for the pure wakes (Lees and Hromas 21). The 

major obstacle remaining is to obtain reliable and detailed data. The 

problem is especially acute for the wake modified by the presence of the 

trailing decelerator. The approaches, the methods to verify them and 

the quality of data obtained are varied, uncoordinated, and unsystematic; 

thus, they are described as attempts. 

2. THEORETICAL ATTEMPTS 

There is a number of proposed solutions, some of them classical (Blasius, 

Thomson, Goldstein, etc. ), the others of a more applied nature. All are 

essentially the attempts to fit the solutions, obtained from the available 

mathematical techniques, to the physical phenomena of diverse and com- 

plicated nature. The equations governing these phenomena were derived 

many years ago in the appropriate set of coordinates (cylindrical mostly 

with some applications in Cartesian or spherical) and are: 

1. Navie r -Stokes equations 

2. Equation of continuity 
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3. Equation of state 

4. Equation of energy conservation 

The interpretation and solution of equations is another matter. The main 

difficulty is their nonlinearity. However, a number of particular solu- 

tions are available for a limited number of the boundary conditions (Schlicht- 

ing and others). 

The other solutions are of the so-called similar nature or are simply the 

mathematical treatments describing a phenomenon similar to one for which 

exact solution is not possible (Falkner -Skan solution). 

These other solution treatments are: 

1. Laminar near wake of blunt bodies in hypersonic 

flow (Lees and Reeves24) solution, which is charac- 

terized by joining the two regions (base and near 

wake) by a set of conditions and a singular point (at 

neck) . The viscous interaction is treated by the 

moment-integral method. 

2. Second order solution for the velocity distribution 

in turbulent wake (Heinrich and Rust 25) which ’ is an 

approximation to solve the incompressible turbulent 

wake. 

3. Presentation of entropy wake, diffusion wake, and 

simplified wake models with compressibility and 

shear accounted for by the simplified approximate 

solutions (Goulard 
26 

). 

4. Wake behind blunt bodies method, where finite dif- 

ference technique solves the viscous wake, and one- 

dimensional compressible flow equations account 

for the inviscid part (Zeiberg, Bleich 
27 

). 
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5. Fluid mechanics of wakes in hypersonic flow in 

transformed and physical plane ( Ting, Libby28). 

6. Similar solutions for axisymmetric incompressible 

wakes based on Falkner-Skan equation (Kubota, 

Reeves29). 

7. Attempt to treat the three-dimensionality in viscous 

wakes (Steiger, Bloom 30 ), and also two-dimensional 

asymmetric wakes. 
31 

8. Treatment of the nonequilibrium laminar wake by 

the finite difference method (Zeiberg and Bleich 
27 

). 

9. The solution of the two-dimensional laminar wake 

for the arbitrary shape body by the integral method 

(Korkan3’). It ’ is vague concerning the near wake 

and the neck region but may be indicative for the 

conditions prevailing there. The integral method 

is based upon the Dorodnizyn transformation and 

assumption that closed polynomial represented by 

the four terms can form an approximation for the 

velocity and enthalpy profiles if the boundary con- 

ditions at the center line and the edge can be satis- 

fied. 

10. The evaluation of the wake parameters when the de- 

celerator of the Ballutea type is present in the 

wake is made by making an assumption that at 

x/d 2 6, the wake has a cylindrical, constant width, 

and shape due to the presence of a riser line that 

holds the wake-centerline velocity at zero (Nerem 
33 

). 

Otherwise, the approach is identical to that found in 

aTM, Goodyear Aerospace Corporation, Akron, Ohio. 44315 
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Reference 32. It is more limited, however, since 

it assumes the starting point downstream of the 

neck. The presence of the “cylindrical wake” in 

the absence of the detail information is a postulated 

statement. 

11. Approximate solution for the inviscid wake behind 

a blunt body at hypersonic speed is based on the 

balance of the mass flow in the free stream going 

through the shock to that behind the shock,all in- 

cluded in the control volume bounded by the imagi- 

nary disks (Nerem 
34 

). 

12. The particle -in-cell method to obtain time -dependent 

development of the plane or cylindrical wake behind 

the flat base of a body moving at supersonic speed 

(Amsden, Harlow35) b ased on the numerical tech- 

nique , which for this investigation neglects the vis- 

cous and real gas effects. 

3. EXPERIMENTAL ATTEMPTS 

The experimental measurements of the wake parameters are usually per- 

formed in the wind tunnels and ballistic ranges. The models mounted on 

the various rigid supports or fired down the range are usually well-defined 

two-dimensional or axisymmetric bodies (sphere, cone, spherical cylin- 

der, or a combination). The data are taken by the pitot-and-static pres- 

sure probes, hot-wire techniques and/or schlieren photography. 

The following typical examples are listed: 

1. Pitot and static pressure measurements in the wake 

of the cone -cylinder at Moo = 2.30 and 4.65. They 

cover the base region and the near wake (0.2 1 =’ 

x/d 5 7.56). With careful interpretations, the data 
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2. 

3. 

4. 

can be useful in determining flow environment in 

the wake (McShera 
36 

). 

Stagnation temperature fields behind a lo-deg, 

half-angle wedge and cone (Todisco and Pallone 37 ) 

are given at M = 16. Data are useful for the tem- 

perature predictions in the near wake. 

Complete study of wakes behind the circular cylin- 

der at M = 5. 7 (McCarthy and Kubota 38 ) is the 

good example of the wake study. 

Another rather complete study of the near wakes 

behind a two-dimensional cylinder at Moo = 18, 19, 

21 and 2 2 x/d 2 8 is given in Brown, Kramer, 

Smith. 9 

The separate class of the wind tunnel data deals with the evaluation of 

the aerodynamic deployable decelerators placed behind the primary 

bodies. Unfortunately, it is limited to the drag measurements (drag 

coefficients), and therefore only the gross effects of the wake environ- 

ment are indicated. The data can be summarized along the parameters 

given in Table I. For details consult References 39 to 50. 

It is noted here that Table I presents the summary for the aerodynamic 

decelerator performance in a wake of a particular payload in terms of 

the drag coefficient, drag efficiency, pressure distributions, and sta- 

bility whenever available. The data are representative and indicative, 

but must be used with mature judgment since the wind tunnels, test pur- 

poses, and models are rather heterogeneous in nature. Interpretation 

of the given results requires the knowledge of the fluid mechanics, in- 

cluding viscosity and compressibility. 

Hence, the drag coefficients that depend on the Mach number and Reynolds 

numbers, generally being higher at lower similarity parameter magni- 

tudes (M, Re), are modified by the viscous flow effects in a wake. The 

41 



viscosity effects are more pronounced at the lower x/d ratios, but can be 

modified by the decelerator shape, size, and the mode of connection with 

a primary body. 

42 



TABLE I - AERODYNf+JIeCe~ECELEljtATOR PERFORMANCE IN A WAKE 

% il 

: % 
d d 

2 : 
d d 

z” z” i: 

; z I 5 
; d d d 

: 2 “, s 
; d d d 

43 



TABLE I - AERODYNAMIC DECELERATOR PERFORMANCE (Continued) --- - -----z 

1 
u 
d P P ; p 2 

___-. 

P i e t I B z” 

44 



TABLE I - AERODYNAMIC DECELERATOR PERFORMANCE (Continued1 
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SECTION V - DECELERATOR IN THE WAKE 

The aerodynamic deployable decelerator is attached to the payload in such a 

manner that the drag force generated is along the line of motion for the best 

efficiency of the overall force-moment diagram at any given time, Such an 

orientation places the decelerator in a flow region that consists totally or 

partially of the wake flow of the payload in general. In particular, the de- 

celerator, at least theoretically, can be placed (depending on the decelera- 

tion-stabilization requirements, mass -volume ratios and geometrical pro- 

portions) in the following flow regions: the base flow or near-to-medium 

wake flow (2 s x/d 2 15) in the axial direction. In the lateral direction, the 

decelerator can operate in the following flow regions: 

1. Viscous inner wake 

2. Viscous inner wake and inviscid outer wake 

3. Viscous wake, inviscid outer wake, shock layer(s) and 

free stream 

Generally, the problem of evaluation of a decelerator is essentially not dif- 

ferent from any problem of a body in the flow, provided the flow properties 

are known. However, in this case the wake flow has specific complicated 

properties. In addition, the relatively close proximity to the body creating 

the,wake, plus the fact that the body and decelerator are connected by a 

means subject to the laws of rigid mechanics, introduces complexities that 

require a more rigorous analysis. The near wake for low Mach numbers 

(Mm -=-= 1) forms vortexes and is unsteady over a wide range of Reynolds 

numbers. Since the Reynolds number is low and streamwise changes are 

not small compared with those in the normal direction, the boundary layer 

approach is not adequate. In addition, at low Reynolds numbers the flow is 

unstable (or turbulent); hence there is no laminar flow when the Reynolds 
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number becomes large. If the flat plate assumption is feasible, then the 

laminar boundary layer solution may be applicable. 

The near wake for Moo > 1 or more rigorously for Ma BZ- 1, forms an annu- 

lus by free shear layers that converge to a neck (the rear stagnation point) 

from which it expands downstream. For the blunt payloads, the local Mach 

number adjacent to the shear layer becomes frozen at M 
L 

=: 3. 0, but for the 

slender payloads the same Mach number approaches the free stream value, 

i.e., M 
- 51 L 

--+ M CD 
due to the body shock wave configuration. Investigations of 

Lin, and Chapman, et a.1. , 
52 

indicate that at supersonic external Mach num- 

bers the stability of a laminar shear layer increases markedly as the Mach 

number increases. This is carried over into the neck region; thus, the por - 

tion of the inner wake will be also laminar over a range of Reynolds numbers, 

as noticed by Lees and McCarthy. The stable nature of the flow over a par- 

ticular range of (x/d)‘s will provide a favorable environment for the steady 

pressure and velocity distribution in the same range of (x/d)‘s. It appears 

as a constant region on the two-dimensional flow diagram which transforms 

into laminar waves in the viscous wake, triggering the transition. 

The trend described above is confirmed by the plots of Figures 13 and 14, 

which are based on experimental data. The data of Figure 13 indicate the 

local flow conditions immediately ahead of the decelerator’s vertex. Fig- 

ure 14 illustrates the trend in terms of the drag coefficient. The existence 

of stability region and its boundaries are strongly dependent on subsonic, 

sonic, and supersonic disturbances, which are due to perturbances, vorticity, 

compressibility, and temperature of the fluid. The influence of connectors, 

riser lines, etc. , can be either stabilizing or destabilizing, depending on 

their size, configuration and the local flow. 

The intelligent evaluation of the decelerator flow field requires the knowledge 

of such parameters as local Mach numbers, pressures, densities, and tem- 

peratures. The verification of the suggested theoretical wake models by ex- 

periment is the goal that has not yet been attained. Thus, the interaction is 

described at best in hypothetical terms. If interaction is approached by the 
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principle of the momentum defect, then one can postulate that, knowing initial 

conditions at the forebody base, the growth of the wake depends on the mo- 

mentum transport in the wake with skin friction of connector and riser lines 

contributing to the local profiles. 

Prandtl’s concept of viscous flow and the assumption that local acceleration in 

the inner wake is more pronounced than acceleration due to external pressure 

gradient allow the following expression for the momentum integral equation: 

plu12(nO12) = 2~ l6 pu(ul - u)rdr = Cx , (16) 

where 

8 = momentum thickness, 

6 = wake thickness, 

r = radial coordinate, 

u = velocity in x-direction, 

c = 
X 

constant with respect to x, and 

1 = wake edge. 

To satisfy the conservation of momentum, 

PBuB2(~QBdB) = p1u12 ae12 > ( ) (17) 

where B refers to conditions at the base and d is body diameter. 

If the above postulate is true, then at certain x/d locations and constant Mach 

number, a particular decelerator configuration will exhibit only slight varia- 

tions in drag coefficient. Considering Figure 15 as representative, this con- 

cept is apparently valid for 

and for 

2 r, Moo 2 4 at 7s x/d s 11 
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M = 5to5.5atxjd = 9toll. 

Figure 16 shows the influence of the forebody configuration on the momentum 

defect for the same Hyperflo configuration that would be expected. Figure 17 

indicates the expected Mach number influence. 

In considering the interference phenomena, the following areas of the flow 

analysis should not be overlooked: 

1. 

2. 

3. 

4. 

5. 

6. 

Shock wave-wake edge interaction and its influence on 

the wake width 

Shock wave-boundary layer interaction propagated 

downstr earn 

Formation of separated flow due to the presence of 

riser lines leading to drag reduction of a decelerator 

Base pressure values and their influence on the drag of 

decelerators 

Formation of the new boundary layer by the part of a 

shear layer that negotiates the pressure rise at the 

neck and forms a new uniform stream with the rede- 

veloped boundary layer 

Decrease of mixing coefficient with increasing Mach 

number and consequently little mixing at the base that 

affects the wake 
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SECTION VI - -C&NC&USIONS AND RECOMMENDATIONS FOR 

FUTURE WORK 

The problems of flow analysis behind bodies in motion have received consider- 

able attention during the past several years. Out of necessity, the recent in- 

vestigations (both theoretical and experimental) are dedicated to the hypersonic 

velocity regime and are based on the basic, classical works of fluid mechanics 

that were performed with either incompressible or idealized fluids. What is 

noted, however, is the rather superficial treatment of the wakes in transonic 

and supersonic flow regimes, which at this stage of development of the decel- 

eration systems, are of great importance. 

The basic obstacles in solving the wake problem at any speed regime are the 

uncertainties in application of the well-established asymptotic techniques of 

fluid mechanics. 54 Hence, all theoretical attempts using asymptotic tech- 

niques that are strictly valid either for very small or very large Reynolds 

numbers exclude the enthalpic and entropic considerations, as well as the 

influence of viscous forces. Specifically, the following conclusions are 

reached concerning the general theory of wakes: 

1. 

2. 

3. 

There is no complete theory of near wake accounting 

for the base flow, circulation, base heating, and other 

elements. 

Several shear layer solutions available are incomplete 

to be considered as a near wake solution, and thus are 

questionable with regard to relating the nonequilibrium 

boundary layer solution at shoulder to the flow at the 

rear stagnation point (the region of the wake neck). 

Prediction of transition point XTr is a matter of 
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extrapolation of small-scale laboratory data to the full- 

s tale flight conditions. 

4. The choice of scaling parameters is not obvious but can 

have considerable-effect. 

5. Uncertainties in understanding the physical mechanism 

of turbulent flow are still sizeable. 

6. Hypersonic near wake experiments indicate that the 

Mach number has little effect on the position of the 

rear stagnation point but rather strong effect on loca- 

tion of the neck. 
55 

The area of investigation of wake influence upon the aerodynamic decelerators 

finds itself in a rudimentary stage, consisting mainly of some experimental 

data that indicate the drag efficiency and stability of a particular decelerator 

behind a particular payload. These data in a concise form are presented in 

Table I. The table encompasses all published (unclassified) information be- 

tween the 196O-to-1965 period and gives the scope, main parameters, and 

representative values for the configuration investigated. 

The progress in wake investigations undoubtedly has been made but more 

systematic studies are needed. And since the problem of pure wake is 

coupled with the problem of its influence upon the decelerator both of them 

should move in parallel if not in series. Moreover, it is felt that before the 

“new” theories are proposed and new sets of academic data are computed, 

the existing postulates should be checked and systematic careful experiments 

should be run in the near wake of the laminar, transitional, and turbulent 

regimes such that average local properties (pressures, temperatures, ve- 

locities, electro-chemical processes) are obtained for the basic configura- 

tions already investigated. In addition, the fluctuations and valid correlations 

are needed not only for the prediction of data but also for the data already ex- 

isting, which are often uninterpreted or misinterpreted. In other words, 

scientific breakthrough cannot be achieved by the “right hit” but requires a 

systematic “stepping- stone” effort. 
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LIST OF SYMBOLS ~--- 

A= constant 

AB 
= body reference area 

AW 
F wake cross-sectional area at station n 

c = Chapman-Rubesin parameter 

‘Dtot = Dtot 
/qA, total drag coefficient 

cDf 
= boundary layer drag coefficient 

cD 
= pressure drag coefficient 

P 

= drag coefficient in wake 

cDB 
= body drag coefficient 

cDo3 
= drag coefficient in free stream 

Cf 
= skin friction coefficient 

cP 
= specific heat 

C(k) = mixing rate correlation function 

Cx = constant with respect to x 

d = body diameter 
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H = total enthalpy 

h = static enthalpy 

j = power index 

k= heat conductivity 

a = distance along shear layer 

M = Mach number 

ML 
= local Mach number 

n = wake station 

P = pressure 

Pr = Pr andtl number 

Re = VP/~, Reynolds number/foot 

r = normal coordinate or radius 

r = nose radius 
n 

S 
$< 

= distance coordinate 

s= shape parameter 

T 
0 

= temperature (stagnation) 

t = time 

u, u = wake velocity in axial (x) direction 

U 03 = free-stream axial velocity 

vB 
= body velocity 

V 
W 

= VB - u, wake velocity 
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w= 

x= 

x0 = 

X Tr = 

Y= 

JF= 

z= 

Y= 

6= 

‘T = 

77= 

q’ = 

0= 

P= 

P = 

0= 

ti= 

l- U/u,’ velocity defect 

axial distance 

sticking distance 

transition distance 

vertical distance 

length normal to wake centerline, transformed 

wake length 

/ x ‘epeue dx 
P,P,Uoo -z- ’ 

transformed length meas - 

0 

ured from neck 

ratio of specific heats 

wake thickness 

turbulent body diffus ivity 

transformed independent variable 

drag efficiency 

- “) dy, momentum thickness 
e 

absolute viscosity 

density 

c pu/k Pr andtl numb e r 

streamline 

Subscripts and Superscripts for Pressure (P) 

( )p = pitot 
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( ‘,, = 

( ’ = 

( ‘e = 

( )1 = 

PO = 

For Mach Number (Ml 

( Jo0 = 

( IL = 

( )* = 

For Wake Thickness (6) 

1 ‘w = 

( ‘B = 

For Density (p) 

( ‘e = 

( In = 

( In-1 = 

base 

static 

at shear layer outer edge 

at wake’s edge 

stagnation pressure 

free stream 

local 

along dividing streamline 

initial 

at separation 

wake’s edge 

at station n 

upstream of n 

For Momentum Thickness (Cl) 

( )o 
= initial 

( ‘s 
= stagnation 

For Body Diameter 

dD 
= decelerator diameter 

dB = body diameter 
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